Graphene and ultrathin graphite flakes prepared by exfoliation were characterized by microfocus synchrotron infrared mapping ellipsometry. The dielectric function of graphene in a dry-air atmosphere is determined and compared to that of ultrathin graphite, bulk graphite, and gold. The imaginary part of graphene is revealed to be about an order of magnitude higher than that of graphite and comparable to that of gold. Comparing the conductivity to an optical model considering intraband transitions, we discuss the critical effects of environmental exposure, relevant for real-world applications.
The two-dimensional (2D) material graphene exhibits unusual infrared (IR) characteristics that make it the focus of intense technical and scientific interest. 1 In the near infrared (NIR), pristine graphene exhibits an optical conductance proportional to the fine structure constant due to the massless Dirac electrons. 2 Applying a gate voltage opens a bandgap, observable as a pronounced thermally broadened interband absorption edge at an energy of twice the Fermi level (E F ) and an increase in the Drude intraband contribution. Gate voltage levels around 100 V bring the interband edge to the NIR. 3 In few-layer graphene (FLG: up to 10 monolayers), IR-active phonon modes are dependent on the number of layers, 4 providing fertile ground for optical and electronic device engineering.
High-quality exfoliated graphene flakes tend to be restricted to dimensions of a few hundred micrometers, while chemically-deposited graphene, which can be fabricated in extended sheets, suffers from large numbers of defects and purity issues. Recently, several groups have presented ellipsometric measurements of graphene flakes in the visible region using microfocus 5, 6 and imaging 7 ellipsometry. Measuring the ellipsometric angles of small graphene flakes in the IR region is beyond the capabilities of standard table top equipment since focusing causes a large spread of the incidence angle, resulting in an unacceptable level of depolarization. However, using a high brilliance synchrotron source, ellipsometric measurements with defined optical conditions (incidence angle) of ultrathin films are readily feasible with sub-millimeter lateral resolution. 8 In this letter, we use a unique microfocus-mapping ellipsometer 9 to measure the polarized reflection properties of single layer graphene and ultrathin graphite. We demonstrate the ability to locate and characterize individual flakes with lateral dimensions of ca. 150 Â 380 lm 2 and measure the ellipsometric parameters from which we determine the complex dielectric functions without resorting to Kramers-Kronig analysis.
An exfoliated graphene flake exposed to laboratory atmosphere was studied. The flake was visible to the eye on a Si wafer with a thermal oxide of 98 nm thickness. The sample was demonstrated by Raman spectroscopy to be of monolayer thickness and previously measured in the ultraviolet-visible (UV-Vis) (Ref. 6) using spectroscopic ellipsometry (SE). Using the IR-SE setup at the Berlin Synchrotron (BESSY II), we performed an ellipsometric 2-D map of the area near the graphene flake to measure the ellipsometric angles tanW and cosD from the s-and p-polarized reflection coefficients, r p /r s ¼ tanWe iD . The spot size is an ellipse with axes 175 Â 245 lm 2 (80/20 knife edge technique containing 60% of intensity). The experiment was performed in a dry-air environment. The flake was located close to two ultrathin graphite flakes, thickness $12 nm, as determined using UV-Vis SE. 6 The tanW values at a wavenumber of 2992 cm À1 are shown in Figure 1 , with a digital photograph of the graphite and graphene flakes shown in the inset. The graphene is located in the top left of the image, while the graphite flakes are located in the middle and bottom right. The ultrathin graphite flakes are clearly seen in the scan; however, the graphene is indiscernible from the background spectrum.
We performed extended ellipsometric scans at the positions A and B in Figure 1 , corresponding to the position of the graphene flake and the position of the large graphite flake, respectively. Using a four layer model (with the Si layer fit from a measurement of the substrate), we performed a mathematical inversion of the ellipsometric angles to obtain the real and imaginary parts of the dielectric function of the graphite/graphene layers. To do this, we assumed a thickness of the layers so that the number of unknowns reduces to the number of measured parameters. The thickness of the graphene was fixed at 0.335 nm in accordance with the interlayer spacing of graphite, while the thickness of the graphite layer was fixed at 12 nm. Figure 2 shows the real and imaginary parts of the dielectric functions of the multilayer-graphite (red line) and graphene (black line) flakes. The uncertainty in the measurements is represented by the noise level, which is significantly lower in the graphite measurements due to the strong contrast between the flake and the substrate measurements. A drastic difference between the dielectric functions of the graphene monolayer and thin graphite is revealed. e 2 of the graphene flake is about a magnitude higher than for the graphite. The data are compared with the dielectric functions of highly-oriented pyrolytic graphite (HOPG) and gold, both measured using an IR-SE with a glow-bar source and comparatively large spot diameter. It is interesting to observe the similarity between e 2 of gold (green line) and the graphene flake, suggesting that the conductivity of our atmosphereexposed graphene flake is no better than that of gold. The graphite flake and HOPG data agree well both showing a characteristic Drude response reflecting the high in-plane conductivity. The large dip close to 0.1 eV is an artifact due to an optical phonon in the SiO 2 layer of the substrate, 10 and the region enclosed in the box, therefore, does not accurately reflect the dielectric properties of graphene. The carbon ring in-plane optical phonon mode is visible in the HOPG data at 0.2 eV. The graphene dielectric function is markedly different from graphite although the Drude characteristics are still evident. The imaginary part shows a significantly larger amplitude with evidence of a broad absorption peak between 0.2 and 0.3 eV. This peak is more easily observed in a plot of the real part of the optical sheet conductivity r 1 ¼ xe 0 e 2 =d , where d is the film thickness.
The optical sheet conductivity determined from the graphene data (smoothed by 100 pt Savitzky-Golay) is shown in Figure 3 in units of pG o /4d, where G o ¼ 2e 2 /h is the quantum of conductance. In the NIR-Visible region, the conductivity of graphene has been reported to be unity. 11 The values for the graphite flake (0.81 6 0.12) are close to unity as reported in the literature. 12 The graphene conductivity is around a factor of 10 higher than graphite and displays defined features. At lower energies, the conductivity may be approximated by a sum of the interband and intraband contributions which depend on the Fermi energy, the temperature, and the broadening of the Drude tail C. 13 Our simulations suggest that the interband transitions were outside of the measurement range (meaning that the Fermi level must be well outside the measurement range, i.e., greater than 1 eV), and hence, the real part of the conductivity can be approximated by the Drude contribution. It is clear that there is an additional broad peak in the conductivity at around 0.22 eV. We speculate that this may arise from a section of FLG which is visible as a dark patch at the left edge of the monolayer graphene flake. Mak et al. showed that FLG displays a strong splitting of the valence and conduction bands with 4 and 7 layer graphene, exhibiting a strong absorption peak at around 0.25 eV, 4 with recent theory showing that the position of the peak is dependent on the stacking sequence. 14 The optical sheet conductivity was fit using a Drude model, plus a Lorentzian to account for the peak near 0.22 eV, as shown in Figure 3 . The Drude amplitude was 27 eV and the broadening C ¼ 0.26 eV. Assuming the Fermi level (due to doping or charging) is greater than 1 eV, this corresponds to a 2D electron density of around 1 Â 10 14 cm À2 in a 0.335 nm sheet 15 which is high for pristine graphite. However, this value is not unreasonable for doped graphene, and we cannot rule out the possibility of additional charge carriers due to bias caused by static charge accumulation. 16 Note that the graphene flake had been exposed to atmosphere for some period which may contribute to chemical doping. 17 For instance, a water layer quickly forms on hydrophilic surfaces under ambient conditions. 18 We tried to minimize the effect of water in our experiment by measuring in a dry-air environment, however, the presence of an adsorbed water layer cannot be ruled out. We have simulated the effect of a water layer on the graphene surface using measured optical data of water. We find that there is no significant contribution to the optical properties of the graphene layer with the additional water layer. However, the Fermi energy of the graphene is expected to be affected by the presence of a water layer or other surface contaminants. This is an important point to consider for realworld applications of graphene.
In conclusion, we demonstrate a method to measure the ellipsometric angles of micro-scale flakes of graphite and graphene using a synchrotron-source microfocus ellipsometer. The dielectric functions were determined by fixing the layer thickness and inverting the ellipsometric data. The graphite data shows good agreement with measurements of large area HOPG. The graphene data is comparable to bulk gold. By assuming a model of the intraband transitions, we show that the Fermi energy must be greater than 1 eV which we attribute to chemical doping and accumulated charge caused by atmospheric exposure. The extension of this technique to perform measurements under cryogenic conditions is planned.
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